Gyroscopic systems and their properties have been extensively studied as Angular Momentum Devices (AMD), Control Moment Gyros (CMG) or Gyroscopes for various applications such as structure control, stability or energy storage. However, most of the works that have been done are theoretical and do not present experimental implementation. In this work we performed an experimental study of a gyroscope beam system (gyroelastic beam) focused systems on the deflection of cantilever beams or the control of flexural stresses. We first used a simple two-degree of freedom model to better understand the terms governing the design, construction and experimental evaluation of gyroelastic beam systems. We then performed experimental tests at different velocities of the gyroscopic actuator and measured the deflection of the system. The results showed that it is possible to have control of the deflection and the bending forces for this type of configurations which can be exported to helicopter blades or wind turbine blades.
INTRODUCTION
The study of gyroscopic effects has arisen from the impulse and growth of the aeronautical industry. However, applications of gyroscopic effects have recently been found in biomedical science, robot control, vehicle dynamic control, clean energy, rotating structures, gyroelastic materials or as a means of suppressing vibrations for different structures, among other applications. All structures that present gyroscopic effects or contain one or more gyroscopes in their structure are called gyroscopic systems. Gyroscopic systems have been extensively studied due to their properties and applications as Angular Momentum Devices (AMD), Control Moment Gyros (CMG) or Gyroscopes (Meirovitch and Oz, 1980; Meirovitch and Baruh, 1981) . Nowadays, there are many mathematical models which have been developed with the purpose of studying the gyroscopic effects or gyroelasticity ranging from rotating beams to gyroelastic beam systems with several variants (Peck, 2004; Telli and Kopmaz, 2004; Bai et al., 2008; Yamanaka et al., 1994) in order to analyze airplanes (Zhou et al., 2012) , wind turbines (Hamdi et al., 2014; Ma et al., 2015) or unmanned aerial vehicles (UAVs) (Shao et al., 2015) . On the other hand, gyroscopic properties have been applied to the design of force sensors (Kurosu and Yamazaki, 2004) , biomedical sensors (Nguyen et al., 2014) and cardiac stabilizers (Gagne et al., 2009 ). The latter have been developed to compensate the movement of the heart at high frequencies and are also intended to aid surgeons and provide support to patients with locomotion difficulties (stability and walking balance) through human-robot interaction (Li and Vallery, 2012) . In applications that seek mechanical stability as is the case of boats or aircrafts, bicycles and vehicles have been used for the reaction torque of a high-speed flywheel rotating around an axis (Jones and Peck, 2009; Yetkin et al. 2014; Ha and Jung, 2015; Jin et al., 2016) . Additionally, the damping properties of gyroscopic systems have been employed in Vehicle Dynamic Control. In some vehicles, gyroscopic properties have been used for energy storage (Flywheel energy storage systems or FESS) by means of a high-inertia rotor moving at high speed, especially in hybrid vehicles (Bitterly, 1997; Pullen and Ellis, 2006) . Mechanical batteries can outperform electric systems for many applications (Xiao et al. 2011; ) . Also, the damping properties of gyroscopic systems are used to design a means for suppressing vibrations in basic elements such as beams (Chu et al. 2007; Ünker and Çuvalcý, 2015a) or more complex structures such as passenger vehicles (Scheurich et al. 2015) and in the control of seismic movements (Ünker and Çuvalcý, 2015b) . Gyroscopic properties have also been used for the generation of clean energies by taking advantage of ocean waves (Wave Energy Converter or WEC). Incident waves activate the precession movement of a gyroscope and the output power is produced by damping the precession movement (Bracco et al. 2012) or by generating their own energy which is used in Marine Vessels (Townsend 2016) . Even recently, the concept of gyroelastic materials has been introduced as a class of materials that have continuous distribution of mass, rotational inertia, elasticity, damping and gyricity. Gyroelasticity is the term used for a continuous distribution of angular momentum varying in time (Hassanpour and Heppler, 2014) . The theory or concept of gyroelasticity (D'Eleuterio and Hughes,1984; D'Eleuterio and Hughes, 1987) has given rise to studies on the control of beam structures with a single gyroscope (Hu and Zhang, 2015) and has extended to beams, chains and plates with multiple gyroscopes optimally distributed (Brocato and Capriz, 2009; Hu et al. 2014; Chee and Damaren, 2015; Hassanpour and Heppler, 2016) . Thus, various applications of gyroscopic systems are important for industry and research. However, despite major advances in mathematical models of gyroscopic systems and gyroelastic systems, there are few experimental studies due to their complexity. Most of the experimental work focuses on position compensation taking advantage of the stability properties of gyroscopic systems, the main interest being the response of these systems to disturbances that may affect the performance of instruments, vehicles, robots and others. (Gagne et al. 2009 , Yetkin et al. 2014 , Ha, M. and Jung, S. 2015 . The response of gyroscopic systems to a disturbance is a torque that compensates and counteracts the disturbance. This quality has been used experimentally to generate energy from sea waves (Bracco et al. 2012) or to suppress seismic movements (Ünker, F. and Çuvalcı, O. 2015) . Regarding gyroelastic beams, no experimental work has been presented showing the results of modifying the dynamic properties (frequency, damping, modal coupling / decoupling) or the effect on cantilever beam deflection or flexural stress control.
In this work we performed an experimental study of a gyroscope-beam system (gyroelastic beam). The experimental tests were conducted at different speeds of the gyroscopic actuator while measuring the deflection of the system.
SIMPLE MATHEMATICAL MODEL OF A GYROSCOPE-BEAM SYSTEM
Consider the gyroscope-beam system (gyroelastic beam) shown in Figure 1 . The physical model is composed of a beam of a rectangular uniform cross-section and a gyroscopic actuator. The beam rotates in a horizontal plane and a gyroscopic actuator of variable velocity is mounted on the free end (Hu and Zhang, 2015) . The beam rotates in a horizontal plane about the vertical axis x2. The actuator disc rotates in a plane perpendicular to the longitudinal axis of the beam. With this configuration it is possible to control the quantity of the system's angular movement (h) and consequently control the magnitude of the gyroscopic moment (Peck, 2004; Joubert et al. 2007 ). The weight of the beam is represented as a uniformly distributed downward load. When the beam rotates around the vertical axis x2, tension is produced on the inside caused by centripetal forces (which in this work we now call inertial force) that keeps it attached to the axis of rotation (Simpkinson et al. 1948) . As a result of this tension, the free end is raised a distance that is a function of the mass and length of the beam and its rotation speed or processional speed ( ). In addition to the weight and the forces caused by the rotation of the beam, a gyroscopic moment acts on the free end of the beam. This moment is produced by the actuator which is mounted over the beam and rotating with constant angular velocity( ) around the longitudinal axis of the beam (Figure 2 ). The gyroscopic moment is proportional to: i) the moment of inertia and the angular velocity of the actuator ( ), and ii) the angular speed of rotation of the beam around the vertical axis ( ). The directions of rotation of the beam and the actuator should be chosen so that the gyroscopic moment produces an elevation of the beam.
When the gyroscopic actuator and the beam are in motion, the forces and moments that act on the beam do not vary with time viewed from a fixed frame of reference. Thus, the relationship between the loads applied to the beam and the deformations that are produced can be studied by using static methods. There are three types of loads acting on the rotary beam: i) the weight of the beam and the gyroscopic actuator weight, ii) the inertial forces caused by the rotating beam and iii) the gyroscopic moment generated by the actuator.
The gyroelastic beam can be expressed through a simple two-degree-of-freedom model under the following assumptions: 1) the axes of the inertia of the beam coincide with the coordinate axes x1 and x2 (the angular momentum vector provided by the gyroscopic actuator is always directed to the neutral axis of the beam); 2) the mass of the beam is much smaller compared with the tip mass, 3); and the axial displacement of the beam is neglected in comparison to the transverse ones (Sinha et al., 2013) . This model enabled us to examine the terms of the equations of motion for their physical interpretation such as the following:
Where, is the beam mass, is the beam length is the weight of the gyro actuator, is the damping, is the Young's module, and is the angular momentum. The above equations can be rewritten as:
The matrices from (Eq.3) are given by:
Where , , ∈ ℝ × represent the inertial, gyroscopic-damping, and stiffness matrices, respectively, and represents the vector of the external forces, which in this case is the weight of the gyroscopic actuator. represents the vector components of beam deflection (displacement). The matrix contains a discrete mechanical damper (of damping coefficient c) and h that is the angular moment of beam; this matrix is also called the gyroscopic matrix (G). Considering the gyroelastic beam system is not affected by external damping ( = 0) Equations 1 and 2 can be expressed as:
′′ + ℎ ′ + =
As shown above, elements −ℎ ′ and ℎ ′ couple the movement between both axes and therefore the equations, as is characteristic of gyroscopic systems. It is observed that deflection of the free end of the beam with respect to its no-load position is given only in the x2 axle (see Figure 1) ; therefore, the axial displacement of the beam is neglected in comparison to the transverse ones.
The main interest is to analyze the effects of the gyroscopic momentum on the axis of greater deflection. From Equations 4 and 5 only the terminus on the x2-axis is taken. Then these equations can be rewritten as:
Equation 6 represents the gyroscopic moment ( ). Similarly, first term in Equation 7 is the inertial o centrifugal moment ( ), while the second and last terms denote the moment of flexion and the moment generated by the weight of the gyroscopic actuator, respectively.
PARAMETER SELECTION IN THE DESIGN PROCESS
The magnitude of the gyroscopic moment generated by the gyroscopic actuator depends on the moment of inertia, the angular velocity of the actuator (ù) and the angular speed of the beam (precession speed) (Ω). The goal in the design of a gyroscopic actuator is to produce the maximum gyroscopic moment with the lowest weight. Some design parameters such as the geometric and elastic properties as well as the location of the actuator along the beam do not affect the magnitude of the gyroscopic moment generated by the actuator. However, these determine the levels of deformation and stresses that occur in the beam. Equations 6 and 7 have been solved analytically in different ranges of , Ω, ù and . Using this information it is possible to determine the optimum values of these parameters. Such values were selected according to the desired beam length values as well as the elastic limit, angular velocity and weight of the actuator. The angular velocity of the gyroscopic actuator is important because the magnitude of the gyroscopic moment has a directly proportional variation to it. Figure 3 shows the simulation of the vertical static deflection of the beam as a function of its length under load conditions considered in the model. Curve (c) shows the beam is state of rest (Ω=0) and the gyroscopic actuator is disabled (h=0); in Curve (b) the effects on the deflection of the beam caused by the inertial forces are shown (Ω≠0) and there are no gyroscopic moments (h=0) under these conditions; thus, the gyroscopic actuator behaves as a mass concentrated on the free end of the beam. The effects on the deflection of the beam caused by the inertial forces (Ω≠0) and the gyroscopic moment (h≠0) are shown in curve (a). The experimental studies presented in Section 1 operate in the approximate range of 9000 -20000 rpm. In this study the actuator angular velocities between 0 and 20000 rpm were considered in order to analyze the effects of the gyroscopic actuator on the deflection of the beam over a wide range. In all cases, the precession rate is assumed constant. From simulation results, the deflection on the free end of the beam as a rotational angular velocity function of the actuator is plotted in Figure 4 . The rotation direction of the actuator was chosen in such a way that the moment generated by the gyroscopic actuator tended to bend the beam upward counteracting the effects of its weight. With the actuator deactivated at 0 rpm, the downward (negative) deflection is maximum when the speed of the actuator increases. The magnitude of gyroscopic moment counteracts this deflection, which is completely eliminated at close to 19000 rpm. The deflection is upward (positive) for velocities above this value. The results of the numerical solution show that the length of the beam is an important parameter in determining the effects of the gyroscopic moment. This is due to the bending moments caused by the weight of the actuator (the actuator is always connected to the free end of the beam) which varies linearly with the length of the beam. Such moments are decisive in determining its deflection. Figures 5 and 6 show that the deflection of the free end is upward in short beams. This is because in these beams the gyroscopic effects are predominant over the combined effects of other loads. The bending moments associated with weight increase as the length of the beam increases. For beams that are long enough, such moments produce a downward deflection, which could be countered by increasing the magnitude of the generated gyroscopic moment with the actuator, for example by increasing the angular velocity of the gyroscopic actuator. Beam selection is important because a beam needs to have stiffness properties that enable observation of gyroscopic moments. Thus, if the beam is very rigid, the gyroscopic moments will become internal stresses with minor displacements; deformation in these displacements is difficult to detect by a position measuring system. In this study, a beam with geometry and dimensions that allows for the generation of a significant displacement was selected. The beam used for experimentation was 1.5 m in length; however, its length can vary by sliding over its support. Mainly, we worked with a length of 1 m in order to avoid working in the plastic region of the beam (Ha and Jung, 2015; Hu and Zhang, 2015; Chee and Damaren, 2015) . The values obtained for the experimental design are shown in Table 1 . 
Gyroscopic actuator design
Based on the results obtained from the previous section, an initial gyroscopic actuator was constructed and coupled with a DC motor operating in an angular velocity ranging from 0 to 40,000 rpm. The actuator was used in the first experimental tests, where it was determined that the weight of the actuator causes excessive static deformation on the beam. In order to solve this problem, a second actuator was built with the purpose of reducing its weight and increasing its moment of inertia; however, it was only possible to increase the moment of inertia by keeping the same weight (Figure 7a) . New alternatives to the gyroscopic actuator design were investigated in order to reduce their weight. The first point that was analyzed was the weight of the DC motor because a large part of it belonged to the gyroscopic actuator. Following this, the new gyroscopic actuator was designed and built ( Figure  7b ). This figure shows the final assembly of the gyroscopic actuator, which is composed of an inertial rotor, a pair of bearings and a link as a flexible shaft. 
Test Bench Construction
A solid structure is built in order to place a cantilever beam. This structure has to allow the beam to rotate in the horizontal plane and bending in the vertical plane. This is achieved by using a bench that supports a bearing flange and a rotating platform. Figure 8 shows the bench and its components. The rigid rotating platform is assembled to a shaft, over which some slip rings are placed. These slip rings are used to transmit electrical signals and supply electrical energy to the electric motor of the actuator (see Figure 8a ). The Figure 8b shows the measurement detail in the gyroelastic beam system. The measurement process consists of an Eddy current transducer (TQ403 SKF System: range: 1.2 mm to 13.2 mm and sensitivity 1.33 mV/micron-displacement sensor) mounted on the beam (see Figure 9 ), an acquisition system (Fluke 289 with USB / RS232 interface for PC communications, which allows receiving, recording and performing data measurements over a long period of time with graphical visualization), a computer to display the results of the deflection in the beam and the velocity for gyroscopic actuator. In the system, u represents the voltage input, ù as stated above represents the motor speed of the gyroscopic actuator depending on the input voltage (u), h represents the gyroscopic momentum, which affects the deflection of the beam represented by x2. This deflection represents the output of the system, which is the variable of interest in this work. The Figure 10 shows the schematic diagram of the measurement process where the input voltage defined by the operator (u) is used to regulate the speed of the gyroscopic actuator motor, thus allowing the control of the deflection of the beam (x2). Deflection is captured through the displacement sensor through an acquisition system and a computer that displays the results of the deflection at the beam (x2) and the speed of the gyro actuator (ù). As shown in Table 2 , the magnitude of the gyroscopic moments generated under experimental conditions is small. Its greatest magnitude occurs when the condition of angular speed of the beam is 50 rpm and the angular velocity of the gyroscopic actuator is 20000 rpm. The magnitude of the gyroscopic moment is equivalent to 2.30 N.m; such magnitude is small, though it helps to counteract the bending moments, which are caused by actuator weight and the beam's weight distribution.
In addition to the gyroscopic moments, inertial moments are also generated due to the inertial force when the gyroscope-beam system is in rotation. In Table 3 , the inertial moments and the gyroscopic moments are compared with the gyroscopic moments registered during the steps of the actuator velocity. The moments caused by inertial forces are constant during the rotation of the beam. It is important to observe that in the first two stages the moment caused by inertial force is greater than the gyroscopic moment. On other hand, in the last two stages the gyroscopic moment is greater than the moment caused by the inertial force.
DISCUSSION
The experimental results showed that in some stages the moments produced by the forces of inertia are greater than the gyroscopic moments generated by the actuator. However, these results do not occur in the later stages because the gyroscopic moments have greater magnitudes than the others, which help to counteract the deflection of the beam to around 55 percent of the initial deflection. The experimental results vary in comparison to the expected theoretical results (Figures 4, 5 and 6 ). Table 4 shows the variations in the results obtained. This is because of considerations taken from the theoretical model shown in Section 2. The condition with the greatest effect on these results is the one that states that the axes of the inertia of the beam coincides with the coordinate axes x1 and x2 (the angular momentum vector provided by the gyroscopic actuator is always directed to the neutral axis of the beam). In the case of experimentation, the angular momentum vector moves approximately 2 cm parallel to the neutral axis of the beam and deviates 16° from the horizontal at maximum beam deflection. Therefore, a decomposition of the angular momentum vector into its vertical and horizontal components is presumed; thus, for theoretical calculation, the horizontal component was taken parallel to the neutral axis of the beam. In reality, due to the decomposition of the vector, the horizontal field of the vector is much better than the one considered theoretically. The discrepancy between theoretical and experimental results is mainly attributed to decomposition of the angular momentum vector. Li et al. (2000) propose a mathematical model that considers changes in the orientation of angular momentum vector in a flexible link with a tip rotor resulting in a very complex solution of the model, which was not our purpose. With the simple model we presented, we were able to plan the experimental stage and measure the components such as the gyroscopic actuator and the beam. It would certainly be of great interest in the future to develop a mathematical model that considers the decomposition of the angular momentum vector, in addition to the varying forces in time such as inertial and gravitational forces during experimentation. Other possible causes of the difference between theoretical and experimental results may be noise in the measurement signals generated by the use of slip rings.
CONCLUSIONS
The experimental behavior of a gyroelastic beam was investigated and presented in this work. Tests carried out using a flexible beam and a gyroscopic actuator where two precession rates (42 and 50 rpm) and five stages of gyroscopic actuator velocity ranging from 0 to 20000 rpm were analyzed. The maximum values obtained from the results of the gyroscopic moments were 2.21N.m and 2.3 N.m for each of the precession speeds. These moments helped to counteract the deflection of the beam to around 55 percent of the initial deflection. These results confirm the benefits of the use of the gyroscope actuator on cantilever beam systems. A simple mathematical model of a gyroscope beam system was used to obtain the design and construction parameters of the beam and the gyroscopic actuator. However, as an open problem, it would certainly be of great interest in the future to develop a more complete mathematical model that accurately represents the conditions presented in a gyroelastic beam system. Finally, in contrast with other works published in the literature, this study presents experimental evidence on the benefits of the gyroscopic actuator (CMG) as a viable alternative to reduce and control the magnitude bending stress through the control of deflection on cantilever beam systems (i.e. turbine blades or helicopter blades).
